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I. ABSTRACT 

The induction machine as an Independent generator 
of a-c power haB boon ignored in favor of the synchronous 
machine. As of this dato, little information on the 
steady state characteristics of the induction generator 
appears in the literature* information on paralleling and 
on transient behavior could not be found. 

The objeot of this thesis is an investigation into 
the charact eristics of the shunt capaoitor-oxcited induc- 
tion generator both in steady state and during transients 
with an eye toward the possibilities of its use in special 
power plants. 

It is revealed that the induction generator - 

(a) in conjunction with static condensers can 
generate and deliver rated power with a pure 
sine wave voltage and an efficiency comparable 
to that of a synchronous generator, 

(b) is an "asynchronous" machine, but its generat- 
ed frequency is controllable by automatic 
regulation, 

(c) is especially desirable and adaptable when 
specifications call for high rotor speeds for 
high frequency power supply. 

The paralleling of two induction generators in an 
operation of extreme simplicity requiring no special equip- 
ment such as synchroscopes and no special shill of the 
operator. 

Under fault conditions, all voltages and current 
transients are substantially ovor after, at most, six 
cycles, a short circuit merely drains the excitation from 
the induction generator and tho voltage quickly collapses. 
The generator currents are limited to about four times tho 
rated current for the first cycle and less than rated 
current for tho remaining transient. Thus, the nature of 
the induction generator connections, that is, shunt con- 
densers aoross the stator terminals of the induction 
machino, makes for inherent generator safety, 

- 1 - 



Cambridge, 1-Las saohusetts 
May 18, 1951 



Professor J. 3* Nowell 
Secretary of the Faculty 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 

Dear Sir* 



In accordance with the requirements for the Degree 
of Naval Engineer, wo submit herewith a thesis entitled 
"Study of Capacitor-Excited Induction Generators; Parallel 
Operation and Transient Loading". 

Respectfully, 



\ 



AGKNOW LODGEMENT S 



The authors wish to express their appreciation to 
Professor Alexander Kusko for his advice and. encouragement; 
to Professor Waldo V. Lyons for his helpful suggestions ; 
and to Mr. P. N. Heller for his instruction in osclllography . 



- 3 - 



TABLE OP CONTENTS 



Pago 

I* Abstract 1 

II. Introduction 5 

III. Procedure 7 

IV. Results and Discussion of Results 

* fr 

A. Steady State Characteristics ...... .8 

B. Transients 14 

C. Parallel Operation 23 

V. Conclusions . . 27 

VI. Recommendations 29 

VIII, Appendix 

Details of Prooedur© 31 

Data 35 

Bibliography 45 



4 



II. INTRODUCTION 



It Is well known that when an Induction motor 1b driven 
aoove synchronous speed It becomes a generator and delivers 
power to the bus to which it is connected. A common 
impression appears to exist that in order for an induction 
machine to operate as a generator it must be connected to a 
source of a-o pov/er. Such is not the case; an induction 
maohlne may operate as an independent source of power, the 
magnetizing current being supplied by static capacitors. 

The faot that such operation is possible hoe been known 

1 , 2 * 

for some time , but little has been written on this sub- 
ject until recently. Smaller, lighter, and less expensive 
capacitors of today make more feasible the use of induction 
generators for a-c power generators. The use of a squirrel 
cage rotor in the induction generator offers advantages of 
(1) ruggedness, (2) low maintenance, (3) higher speed 
possibilities, and (4) low cost of construction. 

No information could be found in the literature on 
paralleling of induction generators or on the transients 
that exist in the machine under normal and abnormal operation. 

This thesis is an investigation of the characteristics 
of a shunt capacitor-excited induction generator both in 
steady state and undergoing transients of (1) voltage build up, 



* Superscripts refer to references as listed in the biblio- 
graphy, Appendix. 

- 5 - 



II. Ii'^OJUCriU, (cont.) 



(C) starting an Induction motor load, (3) paralleling with 
another Induction generator, and (4) snort circuito. 



% 
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hi. iVipc jams 



The procedure used in this thesis was experimental in 
nature. In steady state the characteristics of an Induction 
generator were observed. Instrumentation was provided to 
indicate generated voltage and froquonoy, generator and load 
currents, load power, and load power factor. The practica- 
bility of paralleling two induction generators was investi- 
gated. A frequency regulator for a single induction generator 
was designed and its characteristics measured. 

Using an oscillograph, responses of generated voltage, 
line current, and generator current we re recorded for a 
single generator under the following transients: 

(a) No load voltage build up. 

(b) Starting an induction motor. 

(c) Three jpliasa short oircult. 

(d) Single phase short circuit. 

(e) Paralleling two generators. 

(f) Frequency regulation following a 3top load. 

The details of the experimental procedure together with 

a circuit diagram for steady state and paralleling operation 
testing appear in the Appendix. 
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IV. R53UL13 AND )I i3w i )Ii.. 0^ KS3ULT3 



A. Steady State Oharaot eristics 

When an induction machine connected to a source of 

electrioal power la driven above synchronous speed. Its 

n - n 

slip, - - — , la .negative and the machine aots as a 

n s 

generator delivering electrical lowor to the source. 

Moreover, if the machine is connected to a capaoltive 
impedance, the leading current drawn by that impedance 
will excite the stator winding, and the maohine can operate 
Independently as an a-c generator; i.e., it is no longer 
required that the machine be connected to a source of elec- 
trical power. Assurance that the mao’ilne soes a caoaoita- 
tlve impedance can bo orovided by 3hunt capacitance aoross 
the machine terminals. 

The no load voltage of an induction generator with 
oapaol tor-excitation is determined by the intersection of 
the saturation curve (no load voltage vs. stator current ) 
and the reactanoo line for (3ee ?lg. I.) If X Q bo comes 

too large (i.e., if the excitation capaoitance is too 3mall) 
the aaohlne cannot hold a voltage. The similarity of 
determining no load voltage in a d-c machine is to be noted. 

A method for calculating the steady state performance 
of the induction generator has been developed by Dr. -J.B. Briauf, 
of the Bureau of 3hlp3, (United States ) Navy Department*^. 
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IV. K .111-113 V J JI3GUr> . b,; u ■ >J-,A3 (cent. ) 



8 

This method, which has been verified experimentally , Is 

based on the equivalent circuit of tho Induction machlno. 

It shows that the Induction generator with shunt capacitor- 

excitation can deliver power to an increasing load until 

(referring to the equivalent circuit, fi g. II) the vector 

sum of tho admittance of tho stator and load branch, Y^, 

plus t.no admittance of tho rotor branch, Yp, becomes loss 

than tho required magnetizing ouacoptance, Y . At this 

c 

point tho generator loses excitation and t.ie voltage 
coilap3os. Further verification of this calculation method 
is seen in 'lg. Ill w ic is a composite curve of tho steady 
state characteristics of tho two generators used In the 
exp -e rim en tal wo rk . 

In Fig. III the load curves for tho two generators have 
been rationalized and placed on a per unit basis so that with 
unity power factor, 1.0 per unit load current jives 1.0 per 
unit voltage. The raw data from which the curves in v ig. Ill 
are plotted is tabulated in the Appendix and is plotted in 
fig. A- II*. Also a schematic diagram of the circuit used in 
the steady state and parallel operation testing is shown in 
Fig. A- 1. 

Referring again to Fig. Ill, it will bo noted that with 
unity power factor the voltage holds up under much greater 

* Fig. A- I and Fig. A- I I are in tho Appendix. 
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EQUIVALENT CIRCUIT 



i 2 A Jac x C 




- stator resistance 
r 2 - rotor resistance for 1:1 ratio 
Xj - stator reactance 

z 2 - rotor reactance for 1:1 ratio at synchronous freauency 
* - slip 

Zj, - s»gnetizing reactance 

x c - reactance of capacitor for excitation 

t - load impedance 

T} - admittance of the complete circuit to the right of points 
A and B 

Tg - admittance of the rotor circuit to the left of points A 
and B 

Y 3 - admittance of the magnetizing reactance connected directly 
between points A and B 

il, 13 , i 3 - currents as indicat'd on the figure 
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IV. RfiSULTb AND DloCU. DION OF RESULTS (cont.) 

load than with a power faotor of 0.8 lagging. A loading 
power factor load will increase the oxoitation, and thus the 
voltage, until limited by saturation. However, the armature 
resistance will at higher values of load current decrease the 
line voltage. Actually this phenomena could not be fully 
tested because of the heavy currents imposed on the machine. 
It v/ill be observed in Fig. Ill that the last experimental 
point on the loading power factor curve is at 1^ =s 0.9 per 
unit. At this point the generator is carrying the voctor 
sum of the capacitor current plus the load current, about 
1.42 per unit. 

If it is essential that the generator deliver nearly con 
stant voltage over its power range, a solution to the problem 
is variation of the excitation reactance to provide more or 
less (depending on power factor) oapacitance at higher loads. 
This might be done by using a voltage error measuring moans 
which would compare line voltage to a reference and deliver 
an error voltage as an output. This error voltage in turn 
might then be used to adjust the excitation capacitance to 
bring the generated voltage to the reference level. However, 
the time lag in such a control system must be small compared 
to the timo of voltage build up (to be discussed later) of 
the induction generator because if tho load Is suddenly dis- 
connected and the excitation capacitance is held high, 
dangerously large voltages and excitation currents may result 
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IV. KESULTb and DISCUbblON QF K.dNJXI^ (oont.) 



If the feature of voltage collapse under heavy loads is 
unacceptable, compound excitation may be used. Compound 
excitation provides a capacitor in series with tho load in 
addition to the shunt capacitor. It is readily seen that 
under this arrangement the machine cannot lose excitation 
even when the load is a dead short, for ouch a condition 
merely provides another capacitor in parallel with the shunt 
capacitor. There are, unfortunately, conflicting requirements 
on the series capacitor. It must be very large so that no 
substantial voltage drop is loet in it before the voltage 
is delivered to the load. However, If a short occurs across 
the load, a very lerge series capacitor will then draw danger- 
ously large currents and may build up excessive voltages in 

the machine. 

In Fig, IV, load characteristics of machine No. 704 have 
been plotted on a per unit basis with rated values of power, 
current, and voltage chosen as bases. Those curves in addition 
to showing the drop-off of voltage at, higher pov/ers indicate 
the relationship of generator stator current, I r , with load. 
Since Xq=T c the case of the lagging power factor load 
shows generator current rapidly dropping off with increasing 
load until the excitation is lost, h’ith leading power factor 
the generator current show’s an incroase with increasing load. 
Y/ith unity power factor the generator current increases only 
slightly with load. 
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IV. KS3ULT3 AMD PI33u-33I011 OF HF3ULT3 (cont. ) 



Sven under no load an induction generator with oapacitor- 
excitatlon has circulating currents in its stator. Tills excit- 
ing current is equal to the phase voltage divided by the phase 
oxcltation reactance. The power required to excite the 3.73 
K3f machine (6 poles) at no load and rated voltage is 0.29 K W, 

or 7.7-- of rated -cower. For the 5.6 IfV machine tho power for 

\ 

no Ibad excitation at rated voltage is 0.54 K'i or 9*7.5 of 
rated rover. This larger machine is a pole o hanging machine 
and was oper ted at a synchronous speed of 90C HPM, or 8 poles. 
The amount of flux in the air gar is rror ortional to tho number 
of roles and it is to be exroeted, therefore, that proportionate- 
ly qtq ler rower is required to exolte the aaohlne with fewer 
roles. Thun, there i3 a distinct advantage insofar as excita- 
tion losses are concerned in designing the induction generator 
with fewer roles and the corresponding Higher speed. 

In regard to efflc'.ency of the induction generator, the 
3.6 K'-i unit ( 'ach. No. 704 coupled to a 7.5 H.P. d-c drive 
motor) delivered 4.8 Kh f to a unity powor factor load for 7.1 
1C'! d-c rower inrut to the drive motor. The efficienoy of the 
unit t' en is 67.5-5. If the losses are divided equally between 
the drive moV'r and the generator, the efficiency of the in- 
duction generator Is 83'h. 

Tho smaller unit (’-ach. No. 8o\ driven by a 4.5 H.?. d-c 
drive motor) delivered 2.1 KV/ to a unity rower factor load for 

3.67 K ’ d-c rower inrut. The efficiency of the unit then is 
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IV. RESULTS AND Pit CUSHION OF i . oULTS ( cent. ) 



Blip measuring devices available. But it is Important to 
note here that the speed of the prime mover of an induction 
generator (if line frequency is to be held constant) must be 
adjusted so that the rotor speed ninua the slip 3peed is 
equal to the synchronous speed, 

A suggested method of controlling the line frequency is 
to use a small synchronous motor running off the line. By 
moans of a tachometer connected to the shaft of the synchro- 
nous machine, an error voltage proportional to the error in 
frequency can be fed back to adjust the power input to the 
prime mover. The circuit diagram for ouch a system is shown 
in Fig, V. Since the prime mover in this case was a d-c motor, 
the error voltage was used to adjust the resistance of the 
motor field. Measurements of frequency under various loads 
revealed that up to full load on machine No, 704 the frequency, 
dropped off less than 0,4 cycles per second which corresponds 
to a frequency error of 0,667 per cent. By the use of more 
sensitive relays, this error could have boon reduced, 

3, Transients In Induction Generator Operation 
No Load. Voltage Build Up 

As is the oase with a self excited d-c generator, a re- 
quirement for Initiating voltage build up in a capacitor- 
excited induction generator is the presence of residual 
magnetism. In the course of the experimental work the voltage 
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IV. Rni-'UI.ra AND DIJCUoSION OP RESULTS (cont.) 



\niB built up sovoral hundred times; and In only one case was 

it necessary to flash the field using; an external source. 

4 

In 1935 Bassett and Potter demonstrated the anology of 
voltage build up in the capacltor-excltod induction generator 
to the voltage build up in a direct current generator. Fig. I 
shov/s the no load saturation curve of machine No. 704. This 
curve shows that there is a critical capacitive reactance 
above which the generator will not build up. If C=l42.8 
microfarads, then X =18.7 ohms and the generator terminal 
voltage builds up to 267 volts. If C 1b increased until 
X Q =: 15.7 ohm3 the terminal voltage builds up to 300 volts. 

The dotted lines in this figure are inserted to show quali- 
tatively tho rate of voltage build up. It is seen that the 
rate of build up increases up to point B on the saturation 
curve and then decreases until the voltage settles down to 
that determined by X . 

V 

Fig. VI, which is an oscillogram of voltage build up 
of machine No. 704, bears out the discussion above. Neglect- 
ing tho initial transient, vrhic'n is of short duration and of 
no consequence, it is seen that the voltage builds up slowly 
at first. The rate of build up, indicated by the envelope 
(not shown) of line III increases until B - B is reached. 

3 - B on Fig. VI compares to point 3 on Fig. I. Beyond B - 3, 
the envelope of line III rises at a diminishing rate until it 
levels off at the steady state voltage determined by X , 

G 
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IV. RSSULT& ArtD PIbCULSION OF KkbULTtt (cont, ) 



Starting Induction Motors . 

After seeing the induction generator build up to voltage, 
the next step la to investigate how loading effects the 
machine. Line I of Fig, VII shows tho starting current of a 
wound rotor induction motor rise to several times running 
current and decay exponentially to running, current value. Slot 
harmonics due to the presence of the motor’s rotor winding 
slots are evident in this current trace. The generator volt- 
age (lino III) and the generator stator current (line II) are 
seen to dip as the induction motor starts. 

The starting transients of a second induction motor, one 
of squirrel cage rotor construction and of greater rating than 
the first, is shown in Fig. VIII* Line II shows the starting 
current to the Induction motor. The absence of slot harmonics 
is noted. Since this motor is rated at double the horsepower 
rating of the previous motor, and also since an inertia com- 
parable to the rotor Inertia itsolf is attached to this second 
motor, a groat or dip in genorator voltage (line III) and a 
corresponding dip in generator stator current (line I) is to 
bo expected. Lower voltage and current to the machine being 
started causes its torque to bo reduced to a low value, and a 
relatively long time is needed to accelerate up to final Bpoed, 
during which time the current decays to running value and the 
line voltage and stator current build back up almost to the 
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STARTING INDUCTION MOTOR 

















I 


- 




P 










\ 2 




a 










- 




© 








_ 


— 




p« 








- 






a 








- 


I 




o 








- 


— 


PS 


Pi 








- 


; - 


o 


O 








— 


___ 


Eh 


P 








— 


_ 


o 


© 








— 


_ 


S 


P 


P 




© 


* 


— 




W 


a 


© 






— 






© 


to 


O 


_ 


— 


o 


Pi 


Pi 


aJ 




- 


“■ 


M 


O 


Pi 


P 


o 


- 




Eh 


P 


3 


H 


o 




_ 


o 


© 


O 


O 




"" 


— 




Pi 




> 


•v 


_7 


- 




© 


© 




© 


__ 


— 






a 


© 


H 


_ 


- 


(— | 


© 


•HI 


c 


Cj 




~ 




ttf 


H 


•H 


O 






o 






H 


© 






J2; 


1 


1 










M 

EM 


O 




1 


8 






PS 


■H 




> 


•H 






< 








P * 






Eh 


1 


1 


1 








CO 








1 












H 




\ 


H 








M 


> 








H-l 


M 


M 


M 







o 

M 

P 



1 




M 



IV. Rr&ULTS AND DISCUSSION 0? RSDULTS (cont.) 



original value. The motor (1 H.P. ) ia about the limiting 
size that the induction generator (5.6 K. W. ) would start. A 
larger motor load would draw more current from the stator of 
the generator; the consequent lower voltage and lower line 
current would produce Insufficient starting torque. Thus, 
the Induction generator with shunt capacitor excitation may 
fail to start a motor load of about one-seventh its own rat- 
ing. Two possibilities exist to increase the motor load that 
on induction generator will carry; (1) provide starting com- 
pensators for the larger motors, or (2) uso compound oxcita- , 
tlon for the generator. 

Three Phase Short Circuit . 

For three different conditions of loading, oscillograms 
were taken to study the induction generator characteristics 
under a three phase short circuit. Fig. IX shows transients 
following the short circuit from a small induction motor load. 
Fig. X shows the transients following the short circuit from 
rated unity power factor balanced load, and Fig. XI is for the 
case of unbalanced load consisting of a throe phase induction 
motor load plus an unbalanced single phase lighting load. 

• In general these three oscillograms indicate that all 
transients die ot.it in about three cycles. The interesting 
phenomena ia that In no case does the generator' have dangerous 
stator currents. Threo to four times rated current for one 
oyole will not harm an Induction machine. The very nature of 
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RESULTS (cont. ) 



IV. RESULTS AEED DICCUESIOKf OF 

the shunt capacitor-excited Induction generator is to make 
for machine safety under short circuit. The effect of a 
short circuit is to draw the charge out of the existing con- 
densers, thus there is no excitation of the generator and the 
voltage collapses with the decay of the magnetic field in the 
generator as shown by line III of all three figures. 

Referring to Fig. IX in particular, it is interesting 
to note the exponentially decaying sinusoidal wave of small 
amplitude and high frequency oc curing during the first 
quarter cycle of the line current trace shown on line I. This 
decaying sinusoid is most likely a resonance condition set up 
in the dosed path of the exciting condensers (C), the induc- 
tance (L) , and resistance (R) of linos leading to the short 
circuiting Bwitch. The frecuency of the sinusoid being 
determined by values of L and S and the rate of decay being 
determined by R, 

Calculation of frequency of sinusoidal exponential decay 
of high frequency wave component oc curing during the first 
quarter cycle after short circuit: 

Converting to C^; = 3 = 3 X 143 = 429 jAf. 

Length of leads from oondensers to shorting switch 

15 yards. 

\s Burning one microhenr y of in ductance per yard length, 

has = h fh = = 2000 opB - 
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IV. lUSULTb AND PIuCU-DION OF RESULTS (oont.) 



3y count of actual curve, f roc = 7.5 cycles per quarter 

cycle of main wave or 7.5 X 4 X 60 ^ 1800 cps, 

2000 compared to 1800 Is a close order of magnitude 

oheck| so the resonance condition assumption is reasonable. 

Another observation that fits this resonance explanation Is 

the voltage curve (line III) which also has an exponentially 

decaying sinusoid of the same frequency as the one in the line 

► 

current, 

* 

The same remarks also apply to Fig, X, Since the time 
scale is compressed in the latter figure the high order 
exponentially decaying sinusoidal is not clear in the line 
current (II) but is visible in the voltage wave (III), 

Before t = 0 the unbalanced load (Fig, XI) causes an 
irregular stator current wave (I); however, note the clean 
sine wave of voltage (III), Thus it is soon that the induc- 
tion generator is comparable to a transformer; that is, its 
exciting current varies non sinusoidally to maintain 

sinusoidal output. This characteristic of giving a pure sine 

A 

wave has boon demonstrated even with salient pole rotors , 
Except for a slightly longer transient decay, probably due 
to greater magnetic energy storage, there is little matter 
in short circuit behavior whether the load on the induction 
machine is balanced or unbalanced. 
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IV. n&SULTS AiTO PIiCUu&IOS OF KFSULTS (cont.) 

Slagle Phase Short Circuit . 

i 

A single phase short circuit Is more likely to occur 
than a three phase short. Fig. XII lo a composite of two 
oscillograms to demonstrate the offeot of -a single phase 
short circuit on the induction generator. Having only four 
elements in the oscillograph used, it was necessary to make 
two runs to obtain all the desired traces. In this figure 
lines I - IV are on one oscillogram j lines V - VIII, on a 
second. The last two inches of the lower traces have been 
added to make the appearance complete. Other traces which 
showed this complete die out wore used in drawing the curve, 
and it is, therefore, reasonably correct. Lines I ana V are 
both traces of phase A line current and are seen to match up 
almost identically. Thus the complete figure might have 
been obtained by an eight element oscillograph. The traces 
of line voltage and current before t = 0 give a 60 cps 
trace for timing reference. 

Again, it is found that the induction generator under- 
goes no serious transients. The highest per unit current in 
the machine is about three or four as indicated in lino III 
for phase B, Phase C would have been a similar trace displaced 
by 120 degrees. The worst stator current transient (III) re- 
turns to a one per unit value or less after one and a half 
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SINGLE PHfiSi S::ORT CIF.CUIT 
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JV. a GUlTi AND PI. 3 30 33 ION 0£ tlN3uLT3 (oont. ) 

cycles. The unohortcd phase stator current, line IV, never 
exceeds one per unit and merely docays away as does the un- 
shorted line to line voltage, line VII. 

It Is Interesting to note that the same resonanoe effect 
exolalned by calculation under three phase s :ort circuit 
exists in the a ortod phases of the exciting condonsers and 
linea leading to the o .ortlng switch. Thus the superimposed 
exponentially decaying sinusoids during the first quarter 
oycle of lines II, VI, and VIII are probably duo to a 
resonance condition set up by the exciting condensers (0), 
line inductance (L), and the loop resistance (*.). L and C 
determine the frequency of the sinusoid and R determines the 
rat© of decay. 

The decay of voltage takoa about six cycles In the singlo 
phase short circuit compared to tho throe cycles of the three 
phase short olrcult. Tills double tine of decay for the 
single ohase soort merely shows that a longer time is necessary 
to dlSBlpcte the energy stored In the exciting condensers and 
in the magnetic field of tho machine. The diagram on Fig. 

XII shows that one excitation capaoltor Is shorted singly while 
the others are in series across the short, dine© line VIII 
shows a substantial zero voltage across 3C, and since a 
voltage Is indloatod across AG In lino VII, the voltage across 
3A must be substantially equal and opposite to the voltage of 
AC. Thus one excltln; condenser can be at zero voltage while 
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IV. RESULTS AUD DIDCUbS 10 a OF RESULTS (cont. ) 



the other two, still having voltage, excite the machine, 

When the energy of the condensers and magnetic field of the 
machine have dissipated through the short circuit, the 
voltage of all phases of the induction generator is zero. 

Again it is pointed out that tho connections of the in- 
duction generator inherently make for safety of tho machine 
under short circuit. The effect of a short is to drain the 
excitation current from the excitation condensers, which 
causes voltage collapse. Consequently, the stator currents 
of the machine are neither large nor of long duration. 

Paralleling . 

The transients during paralleling are shown in Figs. 
XIV, XV, and XVI; and are explained in seotlon C, Parallel 
Operation of Induction Generators . In general the transients 
In paralleling are of no consequence to the machines. 

Frequency Regulation Following A Step Load . 

Fig, V shows a circuit diagram of the frequency regula- 
tor together with an oscillogram of the frequency response 
to a step load. It is noted from the oscillogram that the 
frequency has substantially reached a steady state condition 
in 0.66 seconds following application of full load at unity 
pov/or factor. Tho mean line in the center trace indicates 
line frequency; the spread of this trace is duo to ripple 

voltage of the d-c tachometer. This regulator v;as designed 
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IV. REl>ULTh AND DISCUSSION C£ RESULTS (cont.) 

for experimental purposes only. For application to a practi- 
cal generator, refinement and adaptation would be needed. 

C. Parallel Operation Of Induction Genera tore . 

Paralleling may be desirable to moot peak loads or to 
exchange generators while maintaining continuous service. 

It Ib quite possible to parallel shunt oo,paci tor- excited in- 
duction generators. 

Paralleling Procedure . 

The procedure recommended for paralleling is as follows: 

(1) Bring the incoming machine up to approximately rated 
speed with no shunt capacitance. (2) At any Instant conno-ct 
the induction machine terminals to the terminals of the 
Induction machine in operation. (3) Adjust the shunt capaci- 
tance to obtain the desired line voltage. 

Tho speed of the Incoming machine is not too critical. 

If the incoming machine is running above synchronous speed, 
the machine will come in as a generator; if running below 
synchonous spsod, the machine will com© in as a motor. If 
tho incoming machine's speed is very low or stopped, it acts 
as a lovr impedance load on the terminals of the operating 
machine. This low impedance will draw the exciting, current 
from tho operating machine and cause a voltage collapse. 

The instant of paralleling is not critical. Tho transients 

that follow are of no consequence. The transients are 
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IV. R1LULT0 a 'JD DI~ JUL/S IOI'T OF RESULTS (cont. ) 

recorded on oscillograms and aro discussed later in this 
section. 

After the instant of paralleling the excitation conden- 
sers must oxcito both machines; thus, the terminal voltage 
drops. For this reason it is necessary to Increase the 
capaoitanceo to reestablish rated voltage. The capacitances 
could be increased before or at til© instant of paralleling 
in anticipation of the additional requirement of excitation 
current. 

The above procedure is recommended because of its 
simplicity. Of course, if the incoming machine were excited 
by separate condensers, the voltage and the frequency could 
be adjusted to exactly equal that of the machine in operation; 
and by tho use of synchronising lamps the proper instant of 
paralleling is determined In the conventional manner. This 
method requires more equipment and more care on the part of 
the operator. 

Once the machines are in parallel they act similar to 
synchronous generators in parallel. Referring to Fig. XIII 
it is seen that two induction machines in parallel he.ve a 
drooping voltago characteristic with unity power factor load. 
This curve compares to the drooping voltage characteristic 
with unity power factor load of a single generator as onown 
in Fig. Ill, 
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IV. RESULTS AMD DISCUSSION OF RESULTS (cont.) 



Induction generators in parallel split the load between 
themselves in accordance with the power input from their 
respective prime movers. For example, an increase in load 
may b<? met by increasing power from one prime mover. The 
connected induction generator will bo driven at a slightly 
greater Bpeed (or more negative slip) and the increase in 
load is supplied by this generator. Alternatively, to meet 
an Increased load both prime movers could be caused to in- 
crease power input. Then both Induction generators vrlll 
assume a share of the Increase of load, Except for the slip 
speed changes, which are almost negligible, this action of 
dividing the load is accomplished in the same manner as is 
done with synchronous generators. 

The dotted curve of Fig, XIII indicates that the line 
voltage can bo maintained at a constant value with varying 
load by proper adjustment of excitation capacitance. This 
oompares exactly to tho field adjustments made in the synch- 
ronous generator to maintain constant voltage with load. 

Fig. XIV, Fig. XV, and Fig. XVI are samples of tho many 
oscillograms taken to show tho transients ensuing aftor 
paralleling using the recommended procedure. It is to be 
noted that In every case the lino voltage (line III on the 
oscillograms) decreases at the Instant of paralleling and 
then slowly builds up as the Incoming machine builds up 
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IV. RSSULTS AND DISCUSSION OF RESULTS (cont.) 

voltage. (See discussion of Fig. VI on voltago buildup. ) 

This lower voltage helps reduce the transient current which 
flows in the stator circuit of the incoming machine (line II). 
The stator current of the machine in operation prior to 
paralleling is subjected to a less violent transient than 
the stator current of the incoming machine. In addition to 
the advantage of comparatively low transient currents it 
should also be noted that all transients greater than one per 
unit value last no longer than the first cycle. 

If one were to compare the parallel operation of induc- 
tion generators with synchronous generators the performance 
characteristics indicated in the proceeding paragraphs would 
all be listed as advantages of the induction generators. 



- 26 - 




<L 



<T 



C 



c 



c 






<r 



c 



<r 

c 

<r 

c 

<r 

c 

c 

< 

c 

c 

c 

<. 

< 

c 

c 









> 



> 



> 






> 

> 

> 

> 

> 

-> 



-> 



\ 



* 

o 






M 




M 





IV t 



PARALLELING 




-P 

fl 

0 

u 

o 



-p 

a 

o 

& 

O 









< 


o 


O 


0 


0 




43 


bO 


ft 


d 


d 


d 


o c 


-p 


43 


43 




CQ 


W 


r— 1 


o 






O 


CO 


• 


• 


> 




fl 


a 




•V 


& 


o 

to 


8 


0 

H 








d - 


H 


02 


iH 


o 








0 






1 


- 


1 


1 




Q 




03 




S 


rH 


< 


> 


•H ' 


C 






43 


Cj 


•H 


1 




•H 


1 


H 


1 


1 


H 


M 


> 


H 


M 


H 


M 



> 





V. COMCLUS IONS 



The study made of the Induction gonorator revealed the 
following: 

(1) The induction generator with Bhunt capacitor- 
excitation can act as an independent generator* 
no load voltage build up, initiated by residual 
magnetism, is reinforced by. the action of the 
excitation capacitance and continues to build 
up the voltage until saturation causes the 
machine's magnetizing reactance to equal the 
capacitative reactance of the excitation 
capacitors. 

(2) If the induction generator fails to build up 
due to loss of residual magnetism, flashing 
the stator windings will reestablish the 
magnetism in the rotor. 

(3) An induction generator can deliver power com- 
parable to the povrer it is capable of absorbing 
when operating as an induction motor. 

(4) Induction generators are well adapted to 
parallel operation. 

(3) Generator transients occuring during normal or 
abnormal operation are of no consequence, 

(6) Except for the possibilit;/ of over exciting the 
capacitor-excited induction generator either by 
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V. CONCLUb IONS (oont. ) 

too much shunt capacitance or by too much 
leading power factor load, the induction 
generator is in itself quite foolproof. 

Although it is not lihely to supplant the synchronous 
generator for power and lighting loads at the conventional 
frequency of 60 cps, the Induction generator may well find 
use in supplying power for the following applications t 

(1) Laboratories or other activities desiring a 
voltage of pure sinusoidal waveform, 

(2) Unattended pov/er boosters in remote sections 
of power lines. 

(3) Power plants generating at frequencies sub- 
stantially above 60 cps. 
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VI. 



Hr:co;c-L‘;::DATiONS 



An outstanding advantage of the Induction generator 
over tho synchronous generator lies In the ability of the 
former to operate at much higher rotating speeds. This 
advantage is a direct consequence of squirrel cage rotor con- 
struction. Therefore, it is recommended that further investi 
gation of the machine bo made at higher rotating speeds and 
the corresponding higher frequencies. 

The practicability of automatic voltage regulation using 
static devices, possibly saturable core reactors, should be 
investigated. 

Transient response of the generator with compound 
capacitor-excitation is a field for further study. 

Also a study of available magnetic materials might be 
made to determine which material has characteristics to give 
the best voltage regulation with a minimum of exciting losses 
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DETAILS OF PROCEDURE 






To obtain th© experimental data for steady state and 
parallel operation characteristics, the circuit 6hown in Fig. 
A-I was used. For the sale© of clarity, much of the extraneous 

wiring such as the cathode ray osollloscope connections 

and the synchronising lamps between the synchronous motor 

(load) and generator terminals have been omitted from 

this figure. 

The rheostats and Ft, permitted the manual adjusting 
of generator frequency for single generator operation. For 
parallel operation these rheostats ’were further used to 
shift the load between generators. 

To determine no load losses and also to determine the 



division of load in parallel operation, d. c. voltmeters and 

ammeters were used in the power leads to the drive motors. 

The condensers (indicated by C in Fig, A-I) used for 

exoitatlon purposes permitted a wide range and fine variation 

of the excitation capacitance. The following oapacitors 

vrero available in eaoh leg: 

1 at 53,8 microfarads 
1 at 29.4 M 
7 at 23.8 
1 at 14,7 
1 at 8,0 
1 at 7.4 
1 at 4.0 
1 at 3.7 
1 at 2.0 
1 at 1.0 
1 at 0.5 
1 at 0.4 
1 at 0.2 
1 at 0.1 
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DETAILS OF PROG JDURfi (coat. ) 



In addition when compound excitation was investigated, a 
series capacitor of 188 microfarads per log was used. 

The load for steady state and parallel operation was a 
6.7 HP synchronous machine which was used also as a synchro- 
nous condenser. The rheostat, Rp F , controlled the power 
factor of the load. This scheme was used because it over- 
comes the difficulty of attempting fine control of power 
factor using; resistors, coils, and condensers. Another 
reason for choosing a synchronous motor load was to facili- 
tate the determination of generator frequency, A tachometer 
attached to the synchronous motor shaft then indicated the 
line frequency. 

The synchronous motor drove a d-c generator whose load 
was controlled by the rheostat, Rp, which determined the 
field current of the d-c machine. Also the d-c machine was 
needed to bring the synchronous machine up to speed before 
putting the latter on the line. 

As can be seen in Fig. A-I, the circuit was adequately 
instrumented so that the following quantities were readily 
available: 

Lino voltage, each phase. 

Generator stator current, each phase, each leg. 

Line current to load, each phase. 

Power to load. 

Power factor of load. 

Power to eaoh prime mover. 

Speed of each prime mover. 

Frequency of line current. 
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D ST AILS OF FhOC -DU Hi, (cont.) 

A cathode ray oscilloscope connected across the capacitor 
terminals provided for constant inspection of the voltage 
waveform. 

To facilitate the experimental work, and since the 
various machines used were scattered throughout the labora- 
tory, all control and instrument loads were led back to the 
operating bench where all instruments and rheostats were 
located. 

Much time was spent in attempting to find machines which 
generated balanced voltages, and machines which drew balanoed 
lino currents. Many combinations of generators and motors 
were tried before an acceptable degree of imbalance was 
attained. Within 5 '* was finally accepted. To maintain 
balance under different values of excitation, it was necessary 
to calibrate the condenser banks used. 

For the transient studies a Westinghouse Type PA portable 
oscillograph was uoed. The instrument has four recording 
elements. For all oscillograms, except the transient response 
of the frequency regulator, standard elements, sensitivity 
0,15 amps per inch were used. For recording the frequency in 
the above mentioned case, a sensitive element, 0.025 inches 
per amp, was used. A switch on the oscillograph synchronised 
the opening of the camera shutter with' the closing of the coil 
controlled "guillotine" pwitch which initiated the transient. 
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DETAILS OF PRQC SPURS (cont.) 

The four elements were sufficient to obtain the perti- 
nent data for each transient except the single phaBe abort 
circuit when It was desired to rooord seven variables. An 
attempt was made to run the transient on two separate 
oscillograms. Of course, the difficulty of initiating the 
transient at exaotly the same phase time was encountered. 

The two osoillograms shown in Fig, XII represent the closest 
agreement obtained In many attempts. 
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DATA 



Nameplate Data Of Mac lines Used As Generators 

I. MIT INDUCTION MAC HI MS NO. 704 (SQUIRREL CAGE) 
V/estin^houc© Type CS Induction Motor 
Frame 435C Serial No. 4834645 Style 89C120 



7.5 HP 


220 volts 


60 


cps 


3 


phase 


Poles 


4 


- 


6 


- 


8 


- 


12 


Amps per terminal 


19.7 


- 


19.3 


- 


25.3 


- 


33.8 


Full load RPM 


1710 


- 


1130 


- 


860 


- 


570 


Temperature rise 


50° C. 


in 


1 hour at 


H 

O 

P 


load. 



II. MIT INDUCTION MACHINE NO. 80A (SQUIRREL CAGE) 

General Electric Co. Induction Motor Type KT 180 Form C 

Serial No, 893560 6 poles 

5 HP 60 cps 3 phase 

220 volts 14.2 amps No load speed 1200 RPM 



- 35 - 






No Lo ad Losses And Mao Lino Iff lolonoloa 

I, KIT INDUCTION MACHINE NO. 704. 

At no load, V L = 297 volts: 

n a 900 RPIl. 

Vjj C = 230 volts. 

I DC = 10.3 amps. P DC = 2.49 Ktf 

At no load, V L = 0 volts (not excited); 

n =r 900 RPM. 

V DC a 231 volts. 

I DG = 1.8 amps. , P DG a 0.415 KW 

No Load _xoltatlon Loss (for = 297 volts) = 2,07 KW . 

At noar ratad load, = 245 volts: 
n = 910 RPM. 

? AG = 4.3 Ev. r , Pover Factor = 1.0. 

= 230 volts. 

I DC = 30.8 amps. P DC = 7.1 ICE, 



DATA 



No Load Losses And Machine Efficiencies (oont. ) 

IX. MIT INDUCTION MACHINE MO. 80A. 

At no load, V L = 296 volts j 

n = 1200 RPM. 

V DC s 117 volts. 

Itjq — 6.5 amps. Pjjq — O.Vo i, i . 

At no load, V L = 0 volts (not excited): 

n =3 1200 RPM, 

V DC = 118 volts. 

= 2.0 anips. P^ c = 0.2 A KV/ . 

No Load Excitation Loss (for = 296 volts) = 0.52 KW . 

At near rated load, V L = 246 volts j 
n a 1230 RPM. 

P AC =2,1 E 17, Power Factor = 1.0. 

V DC = 112.5 volts. 

IjjQ *“ 32 . 5 amps . P Uq = 3 . 6 7 *7 J . 
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DATA 



A, Steady State Characterlotloa 

Run I. LOAD CHARACTERISTICS, Machine No, 80A f ehunt 

excited, Frequency = 60 cpa, C n 54 microfarads. 



V L 

volts 


*L 

amps 


h 

amv> s 


\ 

l 


Pot/or 

Factor 


Lac/Lead 


320 


0 


13.0 


0 




mm 


320 


2.4 


14.4 


1.20 


1.0 


- 


320 


2.0 


14.0 


1.00 


1.0 


- 


315 


3.5 


14.1 


2.00 


1.0 


mm 


305 


5.6 


15.2 


3.00 


1.0 


mm 


310 


2.5 


12.5 


1.14 


0.8 


Lag 


296 


3.5 


11.3 


1.64 


0.3 


Lag 


27 3 


4.6 


10.0 


1.90 


0.3 


Lag 


301 


3.0 


11.6 


1.36 


0.8 


Lag 


330 


2.4 


15.0 


1.10 


0.8 


Lead 


332 


2.7 


15.6 


1.24 


0.8 


Lead 


333 


3.5 


16.7 


1.60 


0.3 


Lead 


342 


4.2 


17.6 


1.92 


0.3 


Lead 


344 


4.4 


17.3 


2 # 0< 


0.3 


Lead 
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DATA 



A. Steady £ 
Run IIA. 



Run I IB 



tate Characteristics (cont. ) 

LOAD CHARAOTSRISTICS. Machine No. 704, shunt 
excited* Frequency = 60 cps. c = 142*8 micro- 
farads . 



V L 

volts 


h. 

amps 


h 

amps 


P L 

KW 


Power 

Factor 


Lag/Leod 


274 


0.0 


26.8 


0.00 


- 


- 


263 


2.5 


26.8 


1.26 


1.0 


- 


266 


4.1 


26. 6 


1.96 


1.0 


- 


252 


13.1 


29.2 


5.50 


1.0 


- 


248 


13.4 


29.3 


5.80 


1.0 


- 


234 


5.4 


19.7 


1.75 


0.8 


Lag 


230 


6.6 


19.3 


2.24 


0.3 


Lae 


203 


7.6 


16. 5 


2.74 


0.82 


Lae 


253 


2.6 

* 


23.7 


1.04 


0.82 


Lae 


276 


3.0 


28.9 


1.23 


0.81 


Load 


232 


5.3 


31.3 


2.00 


0.77 


Lead 


279 


12.9 


35.6 


5.50 


0.85 


Load 


279 


5.1 


30.3 


1.83 


0.76 


Load 


Frequency = 


120 cps 


. c = 


28.0 microfarads. 


V L 

volts 


I L 

amps 


amps 


P L 

M 


Pov;or 

Factor 




455 


0 


17.2 


0 


- 




414 


5.0 


16.3 


3.68 


1.0 




311 


7.5 


13.8 


4.28 


1.0 
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DATA 



A, Steady State Charaot eristic a (cont.) 



Run III. LOAD CHARACTERISTICS. Machine No. 80A, 'bom- 
pound excitation. Frequency = 60 cpc. Shunt 
capacitance, C = 66 microfarads; series 
capacitance, C, = 188 microfarads. Power factor 
of load = 1.0. 



v o 


V L 


r G 


J L 


P L 


volte 


volts 


amps 


amps 


KW 


305 


307 


11.6 


0.0 


0.00 


297 


292 


12.5 


3.4 


1.94 


308 


270 


16.0 


6.5 


3.20 



Run IV. FREQUENCY REGULATOR CHARACTERISTICS. Power 
factor of load is unity. 

P T synchronous Motor Speed Freruency 



M 


RPH 


ops 


0 


1800 


60.0 


2.0 


1795 


59.8 


2.6 


1794 


59.8 


3.1 


1793 


59.8 


3.8 


1792 


59.7 


4.6 


1791 


59.7 


5.1 


1789 


59.6 


5.4 


1789 


59.6 
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DATA 



Transients 



Note: Machine No. 704 generating at 60 ops was used for 

all transient studies. 

Run I, No Load Voltage Build Up, Refers to Pig. VI, 

C = 142,8 microfarads. 

Final V L = 278 volts. 

Final Ig =s 27.2 amps. 

Run II. Starting An Induction Motor. 

(a) Machine No. 709# 3/4 HP, vraund rotor motor, 

C = 142,8 microfarads. Refers to Fig, VII. 

Before start: 

V L = 268 volts. 

I Q = 24.5 amps. 

After start (steady state): 

V L 3 253 volts. 

= 21.5 amps. 

1^ =2.5 amps, 

(b) Machine No. 713# 1 HP, squirrel cage motor. 

C = 200 microfarads. Refers to Fig. VIII. 

Before start: 

V L = 330 volts. 

I Q = 43.0 amps. 

After start (steady state): 

V L = 320 volts. 

I Q = 41.0 amps. 

1^ = 2.0 amps. 

- 41 - 



DATA 



B. Trans lento 
Run III. 



(cont.) 

3 Phase Short Circuit, 

(a) From light, balanced load. C = 14-2.8 micro 
farads. Refers to Fig. IX. 

Before shorts 

V L s 242 volts, 

I G =s 21.7 amps. 

I L =: 5.8 amps. 

(b) From rated, balanced load. C as 142.8 micro 
farads. Refers to Fig. X. 

Before ohort; 

V L = 205 volts. 

I G = 24.2 amp3, 

1 ^ = 14.6 amps. 

(c) From unbalanced load, C = 200 microfarads. 
Refers to Fig. XI. 

Before shorts 

V. s V T a 294 volts. 

^AB ,*3C 

V T = 290 volts. 
oA 

I T s L 3 13. '4 amps. 
l A l C 

I T =10,0 amps. 

I r s l r =34.3 amps. 

°A g o 
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DATA 



B. Transients (cont. ) 



Run IV. Single Phase Short Cirouit. C = 142.0 micro- 
farads. Refers to Fig. XII. 

Before short* 

V L is 205 volts. 

I G s 24.2 amps. 

Ij^ ss 14,6 amps. 

Run V. Paralleling. Refers to Figs, XIV, XV, and XVI. 
Before paralleling: 

Machine No. 704, designated below by sub- 
script "1*', on the line. Machine No, 80A 
running unexcited at 1215 RPM. 

l n a 22.6 amps. 

V L = 275 volts. 

C = 142.8 microfarads. 

After paralleling: 

I 0 = 15.8 amps. 

In. = 5.5 amps. 

u 2 

V L = 225 volts. 

0 = 142,8 amps. 
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